The field of behavioral genetics has recently begun to explore the effect of age on social behaviors. Such studies are particularly important, as certain neuropsychiatric disorders with abnormal social interactions, like autism and schizophrenia, have been linked to older parents. Appropriate social interaction can also have a positive impact on longevity, and is associated with successful aging in humans. Currently, there are few genetic models for understanding the effect of aging on social behavior and its potential transgenerational inheritance. The fly is emerging as a powerful model for identifying the basic molecular mechanisms underlying neurological and neuropsychiatric disorders. In this review, we discuss these recent advancements, with a focus on how studies in Drosophila melanogaster have provided insight into the effect of aging on aspects of social behavior, including across generations. K E Y W O R D S aggression, aging, animal model, behavioral genetics, courtship, courtship conditioning, Drosophila melanogaster, dSO, group behavior, sociability, social aggregation, social behavior, social learning, social spacing, transgenerational Many behaviors, including social behavior, change with age. In this review, we first present basic definitions of aging and social behavior. We then focus on how these two fields are connected, discussing changes in social behavior through aging, as well as evidence of transgenerational transmission of the effect of old age on social interactions. As many molecular mechanisms of social aging and transgenerational transmission are still not well understood, we focus on how the genetic model Drosophila melanogaster has emerged as a potentially powerful system for understanding those processes, which are relevant to all animals, including humans. 1-5 1 | AGING Aging phenotypes are affected by a wide array of factors, and can be sex-specific and inherited. Many aging phenotypes are linked, such as physiological aging being accompanied by behavioral aging.
advanced ages. 11 This survival curve shape is similar from worms to flies to humans, 7, 12 and can be seen in the representative curve presented in Figure 1A , generated from data we published previously. 13 With stressful environmental conditions, such as crowding, the survival curve shape can change (eg, Figure 1B ). In that case, a curve indicating the rate of dying (a.k.a. Gompertz curve-see Reference 14) highlights the different mechanisms underlying death. For example, although the initial two stages are different, due to different vulnerability to the environment and internal aging, the third stage and maximum longevity are similar, and might be linked to genetic factors, as observed by Hughes and Hekimi 15 and exemplified in Figure 1C .
Aging physiologically changes the somatic individual and, if these changes also occur in the gametes of an individual, they can potentially be passed on to the next generation. While epigenetic inheritance of methylation patterns are often paternally derived, 16 other types of epigenetic inheritance may be maternally derived, including non-coding RNAs. 17 Conversely, most de novo mutations have been found to originate from the father, and advanced paternal age is one factor that has been associated with increased mutational load in both mice and humans. [18] [19] [20] [21] [22] [23] One explanation for this relationship is that genes encoding proteins that form synapses in the brain are usually longer genes 24 and therefore have an increased probability of acquiring a mutation by chance with aging. 25 Indeed, alteration of the postsynaptic adhesion protein neuroligin or pre-synaptic adhesion protein neurexin will impair synaptic development and transmission, which in turn will affect the balance of excitatory and inhibitory signals in the brain (for instance the human nlg4 X-linked gene is 338 kilobases long, and encodes for a protein of 873 of amino acids 26 ). Changes to the balance of these signals in the brain can result in changes to social behaviors, including courtship songs and social spacing in Drosophila melanogaster, 27 or repetitive behaviors observed in mice. 28 Human homologs of the D. melanogaster neuroligin genes have been associated with disorders of social behavior, such as autism spectrum disorders (ASD). 29 Finally, normal aging in mammals is typically accompanied by deficits in some behavioral performance. 9, 30 Cognitive slowing in humans is associated with a decline in white matter tracts and the connections between distal regions in the brain. 31 White matter changes in healthy F I G U R E 1 Legend on next coloumn. F I G U R E 1 Demographic changes through age. (a) Survival curve for 100 males (orange line) and 100 females (green line) in vials; separated at around 3 days old through short CO 2 anesthesia, data points: mean ± SEM on four internal replicates (25 flies total per vial). (b) Survival curve for 1575 Canton-S flies, males and females mixed in bottles, mean ± SEM on four internal replicates (~400 flies total per bottle). (c) Mortality rate of the previous data shown in (a) and (b) 1575 Canton-S flies male and female aged together in bottles (purple line), compared to 100 males (orange dashed line) and 100 females (green dashed line) aged separately in vials. Three different stages are indicated, based on the shape of the curve: stage 1-limited death, stage 2-increased death rate, stage 3-plateauing death rate. (d) Comparison of behavioral performances through age, relative to performance at a young age. Graph shows pooled data for Canton-S male and female for each behavior: social space (Soc Sp-solid purple line), free-fall flight (FFF-dashed purple line), dSO emission (dSO E-solid green line), dSO avoidance (dSO A-dashed green line), phototaxis (Photo-dashed orange line), geotaxis (Geosolid orange line), and locomotion (Loco-dotted orange line). We can distinguish 3 stages, parallel to the survival and mortality rate stage: stage 1: first decline in performances, stage 2: steady state, stage 3: final decline in performances. To generate this figure, we used data we originally published 13, 118 elderly persons correlate with attention and speed of mental processing. 31 In contrast, some behaviors remain relatively unchanged with age in humans, although the reasons they remain intact are not known. Some of the behaviors that do not show a decline are social behaviors such as empathy and compassion, which differ from other cognitive behaviors. At a societal level, the maintenance of those social skills and social interactions are known to be an important aspect of higher quality of life and increased longevity. [32] [33] [34] [35] Understanding social behavioral aging is therefore of critical importance.
| Drosophila melanogaster as a model for aging
While some of the underlying evolutionarily conserved pathways and processes of aging have been uncovered in model systems such as Saccharomyces cerevisiae, Caenorhabditis elegans, and D. melanogaster, 7, 36, 37 in the context of this review, we will focus on information from research on the fly, D. melanogaster. Several excellent recent reviews describe the advantages and scientific advances made using the fly as a model system. 38, 39 In particular, D. melanogaster has been used extensively in genetic research and has been the model involved in seven Nobel Prizes in Physiology and Medicine, including behavioral genetics in 2017. 40 In the aging field, Drosophila has been used extensively as a model system, and has provided insight into how genes and environment can interact to affect longevity. We will discuss a broad overview of this large body of work, with a deeper focus on neural aging, including structural, functional, and behavioral levels. Indeed, neural aging can affect the fitness and reproduction of the aged individuals, and also their progeny. Beyond reproductive aging, many other behaviors, but not all, are known to be affected by aging.
| Drosophila melanogaster in aging studies
In the wild, D. melanogaster live an average of only 6 days, 41 which is far less than observed in captivity. Even when it is surviving in the wild temporally for longer than a week during the harsher winter months when food is scarce, D. melanogaster does not appear to age. 42, 43 Consequently, aging D. melanogaster within the lab may not accurately reflect the chronological aging effects of those found in the wild. Therefore, D. melanogaster should not be used as an ecological model for aging studies, but rather as a genetic and behavioral tool to study conserved processes.
Indeed, D. melanogaster has been used extensively in aging studies. Some early studies reported the effect of environmental temperatures on longevity of D. melanogaster. As flies do not internally regulate their body temperature, even subtle differences in environmental temperature exposure can alter their lifespan. Their lifespan increases when temperatures are lowered and decreases when temperatures are raised. 44 As far back as the 1920s, D. melanogaster was used as a model of aging to demonstrate that lifespan can be heritable and that metabolic rate inversely correlates with lifespan, the basis for the rate-of-living hypothesis. 45, 46 Later, the D. melanogaster model was used to expand this theory to include that lifespan is both heritable and plastic. [47] [48] [49] [50] As in other animals, aging in D. melanogaster has been shown to affect motor behavior, mating activity, and brain morphology. 13, [51] [52] [53] [54] Despite the lack of a closed circulatory system, even tissues such as heart muscle change with age in a similar manner as human cardiac aging. 55 When genes underlying human neurodegeneration due to protein aggregation are expressed in D. melanogaster, age-related protein aggregation occurs by the same mechanism as in human brains. 56 For example, tau models of Alzheimer's disease, 57 α-synuclein models of Parkinson's disease, 58 and polyglutamine-expanded huntingtin models of Huntington's disease 59 recapitulate many aspects of human neurodegeneration in the fly. These D. melanogaster models of neurodegenerative disease have assisted our understanding of neurodegenerative pathology, and also facilitate high-throughput screening for disease modifiers that can be translated into better therapeutics. 4 Normal aging has also been studied at the genome-wide level. The study of the transcriptome of 14 different Drosophila species with varied life-span suggested additive small effects of many genes, instead of strong effect of a few. 60 The study of natural variation in longevity in D. melanogaster has led to the identification of some of the genes involved in longevity; both confirming known pathways (carbohydrate metabolism, cell death, proteolysis), and suggesting new candidate genes for longevity, several of which are without known function. 61 Overall, D. melanogaster has been an extremely useful model for elucidating conserved genetic pathways involved in the aging process, 44 as well as identifying epigenetic responses, 62, 63 some of which could possibly be plastic and reversible. 64 
| Neural aging
Like mammals, the D. melanogaster brain has multiple distinct structures that are involved in different behaviors, with neurons that can be distinguished based on the type of neurotransmitter they release. Therefore, it is often useful for D. melanogaster behaviors to be characterized by determining either which structure (s) or type (s) of neuron is involved. Several brain regions are important for higher cognitive function, such as social behavior, in the fly. The mushroom bodies (MB) neural region is primarily involved in associative learning and memory, 65 but is also important for some aspects of locomotor activity 66 and sensory integration. 65 The number of fibers in the MB depends on sex, experience, and age. 67 After pupal eclosion into an adult, fiber number increases by 15%, reaches a maximum by the end of the first week, then decreases after 3-4 weeks of age. 68 Although the behavior of old flies does not seem to correlate to that of MB-less flies, particularly at the level of conditioned learning, 66, 69, 70 the plateau in behavioral performance (see below-stage 2 in Figure 1 ) of the fly's life corresponds to a similar plateau in the number of MB fibers. 68 Therefore, the MB changes with aging are important for the many behaviors that rely on the function of this brain region.
Another structure in the fly brain, the central complex (CC), integrates various inputs into a coherent behavioral output, not only for locomotion but also sleep, arousal, and learning. [71] [72] [73] The CC is thus considered to be a center for "decision-making" in the fly. The behaviors of CC mutants mimic some of the deficits that are observed in aging flies, 74 displaying an altered locomotion. Studies reporting the effects of experience 67 and aging on central nervous system structure 67, 75, 76 indicate that most neuropil regions of the D. melanogaster brain, including the MB and the CC, are continuously reorganized throughout life in response to specific social living conditions, such as the sex of a partner and crowding during larval and adult stages. 67, 76 However, it remains unclear how senescence may otherwise affect the CC and whether such changes might affect the fly's motivation.
In addition to structural changes with aging, there are also changes in gene expression. Overall, most genes' expression in the brain decreases with age in D. melanogaster, as shown by a recent extensive single-cell sequencing of the transcriptome in brains of young vs old males and females (1 vs 50 days of age). 77 The overall expression pattern can also potentially be influenced by the ratios of particular cell types, as old brains show a relative increase in glia compared to neurons. 77 However, the functional significance on longevity of each of these genes remains to be elucidated.
Some known functional changes in the brain have been studied via alterations in neurotransmitter levels. For example, levels of the neurotransmitter dopamine (DA) are highest beginning at the larval stage of development, decrease directly after eclosion, rise again around 3-5 days old, then steadily decline for the remainder of life. 78 Many neurotransmitters also have sex-specific differences, such as the higher levels of DA in males than females, 78 indicating possible sex-specific effects of aging on neurotransmitters levels. DA neurons innervate major neuropil areas such as the CC and MB. 79, 80 These neurons play an important role in the regulation of insects' energy metabolism, adaptation to environmental stresses, 81,82 orientation control, 83 differentiating between aversive and appetitive olfactory memories in D. melanogaster, 84 and motivation/reward pathways, 85 including courtship drive. 86 Age-related declines in whole body levels of DA and corresponding changes in dopaminergic-modulated behaviors during rituals have been reported. 87, 88 Some studies report decrease in dopaminergic cells viability with age, 78 while other do not. 88 However, the function of those dopaminergic cells, and the behaviors modulated by DA, might still be affected by aging. [88] [89] [90] [91] [92] Serotonin is involved in many behaviors such as feeding, which directly affects longevity, 93 locomotion, 94 mating and courtship, 95 aggression, 96 and has modulatory effects on sleep-wake cycles, 97 and memory. 98 Despite its wide-range involvement in behavior, and the fact that serotonin modulates the response to physical stress, 99 little attention has been given to studying the role of serotonin in aging.
Recently, Chakraborty et al. 100 report that mutants of tryptophan hydroxylase (an enzyme in serotonin synthesis) display an increased longevity, while either null mutants or hyper-activation of neurons expressing the serotonin receptor 5-HT2A cause a reduction in longevity. These authors 100 propose that serotonin is specifically implicated in a form of response to stress, whereby the flies' longevity is negatively affected by the perception of dead conspecifics, through serotonin signaling. 100 Total body serotonin levels do not appear to differ between males and females, 101 but serotonin levels during aging have not been assessed. The observed effect on longevity and behavior of serotonin suggests that serotonergic neurons could be also involved in aging related changes to physiology and behavior.
Through transcriptome studies comparing short-vs long-lived strains of D. melanogaster, octopamine has recently been proposed as an efficient regulator of aging. This effect is in part through its role in regulating locomotion and foraging behavior, which in turn stimulates metabolism. 102 However, the effect may also be due to its role in aggression, 103, 104 as there is an interplay between social behaviors and longevity. 32 Acetylcholine levels have also been reported to decrease as flies age. 105 As acetylcholine stimulates DA release in the fly brain, functional consequences of changes in cholinergic neurons could be linked to changes caused by shifts in DA. 106 Finally, a role for glutamatergic neurons in aging has recently been suggested, as inhibition of glutamate release has been found to protect against agerelated deficits and premature death caused by mutations in the gene wfs1, which is the fly homolog of a gene implicated in Wolfram syndrome, a human neurodegenerative disorder. 107 
| Reproduction and transgenerational aging
As in other animals, sex differences in aging, lifespan, 14, 88 reproductive traits, [108] [109] [110] [111] [112] and transgenerational effects have been reported in D. melanogaster. 111, 113, 114 Like other animals, rapid reproduction in early life reduces longevity in D. melanogaster, as resources invested in reproduction can come at the cost of organismal longevity. 115 However, in addition to containing gene variants conferring longer survival, older D. melanogaster males also have more stored sperm and produce a greater number of viable offspring. 116 This may be why female D. melanogaster prefer to mate with older males. 116, 117 However, we recently reported that the age of the father can negatively affect spermatogenesis. 118 Older males have more sperm, but a greater proportion of them are malformed, possibly due to improper exchange of histones for protamines when the genome is compacted. Incomplete exchange of histones for protamines, as seen in both humans and mice, would result in the transmission of post-translational modifications on histones, potentially affecting the fitness of the progeny. 119 Age of the mother also affects oogenesis in D. melanogaster, which displays reproductive senescence (reviewed in Reference 111). A transgenerational effect of the mother's aging on its progeny is dependent on the mother's genotype, and can be influenced by stressful environmental conditions. 113 Several aspects of female morphology, physiology, 120 and behavior affecting reproduction have also been linked to increased maternal age, 111 thus potentially affecting their progeny's fitness. 121 Parental age has indeed been shown to affect the progeny, and this in a sex-specific manner, but whether parents have a positive or negative impact on the fitness and longevity of their progeny has been shown to be strain specific. 118, 122, 123 It is worth mentioning that these three studies 118, 122, 123 came to different conclusions as to the impact of parent age on progeny. However, in addition to testing different strains of flies, the researchers did not use the same diet, nor the same mating status when studying the progeny of old parents. Mating status and diet are likely confounding factors because they can affect longevity themselves. 30 Even the diet of the great-grand parents has been reported to affect progeny in a parent-of-origin and sex-specific manner. 124 The ratios of the molecules present on the outer cuticle of the fly, some of which are critical reproduction cues (reviewed in Reference 125) also change with age. In D. melanogaster, the outer cuticle of the fly is coated with long-chain molecules, called cuticular hydrocarbons (CHCs), which act both to reduce desiccation and as chemical cues for species, sex, age, and mating status. [126] [127] [128] Regulators of longevity influence the pathways involved in CHC production, 120 and the agerelated shift in CHC ratios affects female attractiveness. 120 This is more than a simple cost of aging, as there appears to be a trade-off between longevity and CHC production. When the production of particular CHCs is disrupted, there is a reduction in fertility and mating behavior, but an increase in longevity. 129 Finally, the amount of genetic alteration due to transposable elements may change with aging and affect reproduction. Small, noncoding RNAs called piwi-associated RNAs (piRNAs) have been implicated in germline development and integrity through their ability to silence transposons, including in flies. 130 Recently, the activity of piRNAs has also been proposed to be central in preventing the aging process. 131 Thus, a decreased function of these piRNAs in the germ cells through aging, as observed by Theron et al, 132 would lead to increased transposition and increased genome instability. This, in turn, could affect genes of the next generation and possibly interfere with individuals' physiology, including their ability to perceive environmental cues.
| Behavioral aging
In addition to the above behaviors associated with mating, other behaviors are also affected by aging in Drosophila. In D. melanogaster, startle-induced locomotion and associative learning performance display a dramatic and progressive decrease beginning at 2 weeks of age, prior to when the flies begin to experience death by aging. 13, 52, 54, 133 Although previous studies proposed two phases of aging based on changes in intestinal permeability, 134, 135 decay of startle-induced behaviors appears instead to occur in three relatively distinct stages following the rate of death or mortality rate, as shown in Figure 1D adapted from data published by our research team. 13 Note that these behavioral stages are separate from the two phases of aging described by Tricoire & Rera. 134, 135 For the scored behaviors, up to~day 20, flies present a decrease in performance (stage 1), from~day 20 to~day 35 there is no major variation (stage 2), and after day 35 there is a final decay in geotaxis and phototaxis, but not in startle-induced locomotion (stage 3). However, during stage 2 when behavior performance is stable, the mortality rate starts to increase and fertility starts declining. 118, 136 Stage 2 of behavioral aging encompasses the transition between the two physiological phases described by Tricoire & Rera, 134 during which the flies undergo the "Smurf" transition. 135 The "Smurf" phenotype reflects a leaky intestinal barrier that leads to the individuals to becoming blue when fed a blue-dye containing food.
Those individuals, regardless of their chronological age, have a higher risk of dying than their age-matched non-Smurf counterparts. 134, 135 During the behavioral stage 2, there is thus a mix of Smurf and non-Smurf flies, which leads to a plateau in behavioral changes representing the average performance of a population, but not reflecting changes at the individual level. Similarly to Tricoire and Rera 137 and Dambroise et al, 134, 135 we speculate that these behaviorally defined stages reflect differences in the underlying physiology, perhaps corresponding to differences in energy expenditure and the relative maintenance of some physiological processes at the expense of others.
Unlike the three behaviors assessed above, escape responses and spontaneous locomotion show little or no decline with age. 13, 52, 88 Flies appear to retain motor abilities allowing them to escape potentially threatening stimuli, while becoming less responsive to nonthreatening stimuli, which might be an artifact of being maintained in a continuous laboratory environment. These data suggest a differential decline in the circuitry responsible for startle-induced vs exploratory, defensive or aversive behaviors. We speculate that spontaneous exploratory or escape behaviors probably involve innate behaviors determined by relatively simple circuits contained within a few discrete nuclei or neuronal structures. In contrast, startle-induced behavior may involve a more complex interplay between multiple regions of the brain. Indeed, it has been observed in rodents that startle response involves a large motivational component in addition to the physical demands of the exploratory tasks. 138 Such integrative behavior probably requires more complex brain structures and neurological pathways.
| Limitations
There are several limitations to studying aging in D. melanogaster. For example, we cannot study telomeres and their relation to aging because D. melanogaster do not have true telomeres but have two non-Long Terminal Repeats retrotransposable elements. 139 These elements are a modified version of telomeres that help maintain the ends of chromosomes to avoid erosion but are not involved in senescence.
Rather, they are involved in fertility in older females, 140 and could therefore also potentially affect offspring fitness. Another difference is that male and female gametogenesis continuously produces eggs and sperm in Drosophila, whereas in humans only sperm are continuously made, 141 limiting the comparisons between human and D. melanogaster egg aging. Additionally, D. melanogaster have little DNA methylation, 142 so epigenetic inheritance of methylation patterns cannot be broadly studied. 113, 114 Finally, as mentioned above, these animals probably do not survive to old age in the wild, so aging studies may not be entirely ecologically relevant. Many social behaviors, such as aggression, social space and sociality, are affected by both genetics and social experience, and as such have both innate and learned components. Indeed, the neural circuitry underlying innate and learned behavior are interacting, involving for example overlapping DA neurons innervating the MB and mushroom body output neurons circuitry. 143 As discussed earlier, the mushroom bodies integrate sensory information, including internal state, and modulate innate and learned behavior. The perception of sensory information and internal state rely on neuronal circuitry, 143 and this circuitry, such as the dopaminergic system and the mushroom bodies, can be affected by aging (see above and Reference 32). Likewise, sensory organs can be sensitive to the aging process. 144 The effect of aging on both the perception and processing of information can potentially affect the behaviors performed in response to the presence of others, as an individual ages.
Beyond the possible mechanistic aspects of how aging could impact social interactions, as in humans (see above), social experience in itself is known to alter longevity, in a sex-specific manner. 145, 146 Below, we first describe how the fly is a social insect, despite not being eusocial or living in castes. Then, we present evidence of known changes in several social behaviors that occur through aging. Finally, we propose other social behaviors that could similarly be altered with age.
| Range of sociality
Sociality describes social group living, and ranges from solitary to eusocial, 147 based on animal's different affinities for social interaction.
Some animals can be exclusively solitary, so that they only engage in social behaviors related to mating, and other animals may alternate between solitary and social, which is described as being facultatively social. 148, 149 Drosophila melanogaster fall somewhere in between solitary and eusocial, and form groups of individuals, 150 most likely with overlapping generations. Historically flies were not considered a social species because they do not form elaborate social communities, as eusocial species like bees and ants do. Although D. melanogaster does not have a clear division of labor and parents do not participate in cooperative brood care, D. melanogaster can be considered parasocial, 151 as shown in Table 1 . Indeed, flies display relatively complex social behaviors, such as aggression and courtship behavior. Furthermore, D. melanogaster has a repertoire of behaviors that are affected by social experiences, such as group-rearing effects on locomotion 137 or learning through communal living. 152 This display of social influences and social learning in a parasocial species indicates that different types of insects can be used as tools to study social interactions and the underlying internal mechanisms or pathways that generate social behaviors. As such, D. melanogaster has frequently been used in social behavioral studies.
Using the many behavioral assays and genetic tools available in D. melanogaster (reviewed in References 38, 40, 153) , studies of social behavior in D. melanogaster have contributed to: identifying the structure of social networks, 154 FoxP, 169 neuroligins, 27 and neurobeachin. 170 Finally, many social behaviors are sexually dimorphic, and the basis of this dimorphism has been proposed to be in part generated by sex-specific neuronal circuits, or sex-specific modulation of a similar circuit (reviewed in Reference 
| Social spacing
All motile organisms, from bacteria to humans, including D. melanogaster, display a preferred inter-individual (or social) distance that can be affected by genetics, experience and/or the environment. 1, 2, 118, 172, 173 Several physiological mechanisms underlie aggregation and group movement in insects (including in D. melanogaster): stimuli from conspecifics (such as mechanosensation 174 and pheromone sensing-cis-vaccenyl acetate (cVA) in flies 175 ), monoamine signaling, changes in genes expression, genetic variation and social experience. 176, 177 Social spacing is similar to aggregation, except social spacing can take place in the absence of food and is dependent upon interactions among flies already in groups. Thus, social aggregation studies have set the stage for studies on social spacing. Social spacing often takes place prior to other social behaviors, as individuals must be oriented properly and in close proximity in order to interact and transfer cues to one another. Hence, social spacing is more complex than aggregation. Factors that contribute to social spacing will depend on the nature of the interaction between individuals and the group. Whereas courtship would promote more proximal interactions, mate competition or male aggression may promote more distal interactions. 178 Social spacing and social avoidance may be emergent behaviors that arise in groups when individuals try to avoid others in the same group. This may be achieved through stigmergy, where individuals leave a mark on the environment that is interpreted by another individual in the group, which then influences spatial orientation and distance to their nearest neighbor, a process that can feed back onto the whole population. 179 Grooming behaviors and herd immunity could also affect social distances based on the status of the individuals. For example, in herd immunity, individuals who are not infected would be closer to the group while others may be isolated or even quarantined when infected. 180 Social spacing has been observed and quantified in many animals such as in herds of sheep, 181 tribes of goats, 182 flocks of birds, 183 schools of fish, 184 and swarms of insects, including D. melanogaster. 185, 186 Oftentimes, the measure of distance is reported in terms of body-length units. 187 In D. melanogaster, social spacing can be easily quantified with the social space assay, 188 that allows measuring the distance of one fly to its nearest neighbor, a variable recently used in several studies. 27, 118, 160, 170, 173, [189] [190] [191] [192] [193] [194] [195] Social experience was shown to affect social space, as socially isolated flies were more distal and therefore less social. This effect was more pronounced in females than in males. 188 The mating status of the fly also affects social space, as both virgin male and virgin females are less social. 188 How do the flies perceive the presence and distance of other flies, so that they establish their preferred social space? Group formation is influenced by cVA, which has been shown to be an aggregation pheromone. 196 But once those groups are formed, cVA does not seem to be important for social spacing, nor is classical olfaction, as mutations of Orco, ablating the odorant co-receptor that detects cVA 197 and other olfactory ligands 198 have no effect on social space. 188, 190 Despite not being found as an important factor in establishing inter-individual distance, mutations in Orco leads to altered social information networks. 189 Olfaction thus might be important in how flies establish their preferred social distance, through social interactions, but not in what is their preferred social distance. Similarly, vision, which might be more discerning than previously thought, 199 is playing a role in social interaction networks, 189 despite having only a limited effect on social spacing. 188, 191 Our understanding of how flies perceive and process their social environment can perhaps be informed by the cues and conditions that influence social spacing.
Social spacing in D. melanogaster can be influenced by a variety of intrinsic and extrinsic factors. The condition and previous experiences of the fly can affect social spacing. Socially isolated flies are more distal, and therefore less social, an effect that is more pronounced in females than in males. 188, 200 Similarly, both virgin male and virgin females are less social than their mated counterparts. 188 Recently, our lab found that as D. melanogaster age, social spacing changes in an atypical pattern 118 ( Figure 1D ). Both males and females first become closer in a group (age 2-3 weeks) and then are further apart later in life (aged 4-7 weeks). This behavioral pattern was transgenerational, inherited to the next generation in both sexes. Additionally, when just fathers were aged, only the sons were further apart, indicating sex-specific transgenerational effects of aging on social spacing.
Social spacing can also be affected by exposure to environmental toxins. For example, increasing concentrations of the chemical Bisphenol A (linked to neurodevelopmental disorders and other health effects 201, 202 ) in D. melanogaster resulted in a dose-dependent abnormal social response and flies that were more proximal. 188, 191, 195 Thus, there are many factors that affect D. melanogaster's social spacing including mating status, social enrichment, genes, and environmental conditions.
The neural bases of social spacing are starting to be elucidated.
The neurotransmitter acetylcholine, in the mushroom bodies, 191 as well as DA signaling, studied through mutations in tyrosine hydroxylase, Catsup (a negative regulator of tyrosine hydroxylase), and vesicular monoamine transporter 173 have all been implicated. Specifically, tyrosine hydroxylase is important for the response to social isolation in dopaminergic neurons in the PPM2 cluster, in males. 200 Social space can also be affected by proteins located on the post-synaptic membrane. Some of the genes encoding these post-synaptic proteins have also been proposed as candidate genes for neuropsychiatric disorders. For example, the human gene neurobeachin, which encodes a large scaffolding protein, has been identified as a candidate gene for ASD. 203 Mutants of the D. melanogaster homolog of neurobeachin, called Rugose, were shown to be less social. 170 Similarly, the celladhesion membrane proteins neuroligins have also been associated with changes in social space in flies and have been proposed as candidate genes for ASD. 27, 194 We propose a model to describe and integrate the mechanisms currently known to affect social spacing through age in Figure 2 .
| Courtship
The precise components of courtship behavior and their sequence in D. melanogaster has been extensively studied (reviewed in Reference 204). Courtship is an elaborate social behavior involving various sensory cues (eg, visual, auditory, olfactory, tactile) that can influence both the female's and male's behaviour. 204 Understanding the nuances of specific courtship activities allows for a fine-tuned assessment of the effect of aging on this critical social behavior. Many internal (eg, female sexual maturity 205 ) and external (eg, environmental conditions 206 ) factors can influence courtship and receptivity, and studies on courtship activity need be mindful of these influences on behavior. Even magnetic fields have recently been shown to increase male courtship activity, 207 highlighting the breadth of sensitivity this behavior has to variation in conditions. Courtship is affected by aging. Younger males are more selective when choosing a mate than older males, preferring to mate with larger, younger, unmated females. 208, 209 As males age, they lose their preference for young, virgin females, and have an overall reduction in courtship. [208] [209] [210] [211] Male preference for young females is also eliminated with induced neurodegeneration, 39, 210, 212 suggesting that higherorder processes are involved in this preference. Virgin females are also able to distinguish between the sons of fathers of different ages. 209 When virgins were aged and ready to mate, they preferred sons of younger fathers. 209 It is possible that this preference is due to the activity level of males, where the sons of younger fathers were more active. Since both latency to courtship and copulation duration are heritable measures, 213 it is possible that there is a genetic basis to the differential success of sons from young vs old fathers, although more F I G U R E 2 Drosophila aging brain and social space. This figure is a summary of the neural changes in the brain at various levels that are underlying some of the known behavioral differences with age, which could alter social spacing (see text for details). The top left shows a male and female fly coming in contact for social interactions with expanding detail on the Drosophila brain. Expanded on the top right are the mushroom bodies (light blue) and the central complex (protocerebral bridge-orange, fan-shaped body-green, ellipsoid body-red, and nodulipink). The bottom right is a schematic of neuronal connections within the mushroom bodies, and the key neurotransmitters involved including some dopamine neurons (DANs-yellow), some intrinsic mushroom body neurons (blue) that can secrete acetylcholine (Ach-purple), and some mushroom body output neurons (MBON-green) . The bottom left panel shows how long genes (100 kb or greater in length), more susceptible to a build up of genetic mutations with age. The bottom middle is an expansion of a neuronal connection where multiple proteins at the synapse, which affect social behaviors, are encoded by long genes studies are needed to confirm this effect of behavioral inheritance with aging.
Female behavior during courtship also varies with aging. Males initiate courtship faster (reduced courtship latency) if the female being courted has had more previous matings, but this effect is decreased as females age. 214 On the other hand, once males initiate courtship, aged females are slower to accept a mating. This shows that males are less eager to court older females that have a longer mating history. 214 Copulation duration was also shorter in older females. 214 Because copulation duration is usually under male control, this means that they are not investing as much time, sperm, and seminal fluid that stimulate ovulation into older females. 214 The expression of some genes involved in courtship also change with aging. Three genes known to affect male courtship (eagle, 215 pale, 216 yellow 217 ) have reduced expression as males age. They are thought to be important in early adult development, such as for proper pigment allocation, and thus may have reduced importance later in life. 218 Six genes involved in courtship have been found to increase as males age (doublesex, fruitless, Krüppel homolog 1, prospero, technical knockout, takeout 218 ). These genes may be upregulated with aging if they are necessary later in life for adult behavior, including courtship. 218 Because these genes are transcription factors, changes to their regulation will likely have downstream effects that are also important for behavior, although more work must be done to define their activity and role with aging. Evidence suggests that fruitless expression with aging can sensitize Or47b expressing neurons and give older males an advantage over younger males in mate competition by filtering sensory stimuli and aiding discrimination between younger and older females (see Reference 219 for a review). Increases in fruitless expression could be controlled in part by hormonal regulation (eg, juvenile hormone) as flies age. Since this gene has alternative splicing, this effect is most likely to be mediated by the fru transcript that encodes a male-specific transcription factor. 220 The effect of aging on sex-specific transcription factors is a potential mechanism for sex differences in aging.
In addition to the above noted effects on social spacing, monoamine neurotransmitters, such as DA, also contribute to age-related changes in courtship behavior. Natural decreases in DA levels or deterioration of dopaminergic cells with aging are associated with decreases in male courtship and female receptivity. 78 However, by increasing DA in targeted subsets of neurons, particularly the protocerebral posterior lateral 2ab (PPL2ab), older flies have no reduction in courtship with aging. 221 Therefore, DA potentially modulates courtship behavior and participates in the reduction of courtship behavior with aging.
| Courtship conditioning
In flies, courtship behavior is vigorously performed by males, at least as observed in laboratories. However, upon exposure to unreceptive mated females, males will learn to reduce courtship. 222 This phenomenon, called courtship conditioning, can be utilized for the study of learning and memory in various contexts. 223 Short-term (immediate) and long-term (after 24 hours) courtship conditioning memory can be determined by measuring courtship levels of naïve males compared to males trained with a premated female, who are unreceptive. Surprisingly, using this paradigm, long-term courtship memory has been reported to last up to 9 days. 224 Similar to other olfactory-based memory tasks, courtship memory has been shown to depend on the mushroom body region of the brain, where cVA perception is modulated by DA signaling in response to past experience. [224] [225] [226] However, courtship memory also depends on the circadian rhythm related gene period that is expressed in a cAMP-responsive transcription factor, CREB, dependent fashion by fan-shaped body neurons. 227 To date, few studies have assessed age-related changes in response to courtship conditioning, and the results are contradictory.
In one study, Canton-S strain males aged up to 30 days were found to have no deficit in courtship learning or short-term memory, whereas flies with mutations in the kynurenine pathway of tryptophan metabolism had age-related impairments in these learning and memory traits. 70 A similar result was found in the Oregon R strain, whereby learning and short-term courtship memory are still exhibited at 45 days old, with no deficit compared to 5 days of age. 228 In contrast, another study using courtship conditioning found learning and shortterm memory deficits at 20 days of aging in a D. melanogaster model of Fragile-X syndrome compared to control flies. 229 Likewise, two recent papers reported contradictory results to the aforementioned studies in that they observed reduced short-term courtship memory even in control flies as early as 11 days of age. 230, 231 The primary aim of these two studies was to show age-related deficits in an amyloid-β overexpressing Alzheimer's disease model or in hormonal signaling impaired flies, respectively. 230, 231 As such, neither of these studies used non-transgenic flies (eg, Canton-S 70 ) as their control. Whether the presence of transgenic alterations or methodological differences underlies the dissimilar findings among groups that have studied short-term courtship memory is currently unknown. The only study to test long-term courtship memory in aged flies did so in a heterozygous Presenilin mutation Alzheimer's disease model. 232 Age-related change in long-term courtship memory has never been tested in nontransgenic flies. Explicit study of age-related changes in courtship learning and memory using non-transgenic flies is warranted.
| Response to stressed flies
When flies are stressed or mechanically agitated in the lab, they will emit a volatile chemical substance called the D. melanogaster stress odorant (dSO, released by "emitter" flies), which acts as a repulsive stimulus to other "responder" flies, 233 and qualifies as an alarm signal. 234 The only component of dSO that has been identified is CO 2, 233 which is known to be a non-specific avoidance cue. 235 Under different conditions, such as hunger, the brain processes the CO 2 stress cues via specific neural pathways, indicating dSO is a robust, contextdependent signal. 236 The olfactory pathway is important for "responder" flies to react to dSO. However, these are not the same brain structures that are involved in olfactory learning. Therefore, dSO avoidance is an innate behavior and not a learned response. 233 Emission of dSO does not change with age of the emitters. 234 However, recent studies in our lab have shown that dSO avoidance changes with aging. Individuals are less able to avoid the odorants produced by stress when they are older or when they are still young but their parents have been aged. 118 It is still unknown how brain regions that detect this cue are changing with aging and if this is the reason for the change in behavior ( Figure 1D -and Reference 118). To determine how this response to stress occurs in flies of all ages and how it is altered in flies with aging requires further investigation. In order to elucidate the underlying molecular mechanisms or neural circuitry required for this response, the components of dSO, besides CO 2 , need to be determined. Only then can the sensory modalities responsible for dSO processing be investigated. Furthermore, the context-dependent response to dSO can be determined to each individual or combination of the components in dSO.
| Aggression
Aggression is most often defined as a species-specific response that involves threats and attacks from one individual towards another individual. This behavior is required for survival as individuals often compete over food, mates, and territory. 237 Because aggression exposes an individual to potential harm, this behavior is quite risky and often involves a significant expenditure of energy. 237 Aggression was first discovered in D. melanogaster in 1915 when Sturtevant observed male D. melanogaster that would approach other males and butt heads in the presence of a female, 238 although the term "aggression" was not applied to animals until 1951, 239 in a study on rodents. Aggression, like all other behaviors, requires sensory perception and integration via neural circuits to generate an appropriate and species-specific response. Signals including pheromone sensing, food presence, and visual cues, each operating through different pathways to elicit a behavioral response. 103, 104, [240] [241] [242] The responses most often include male-male aggression behaviors, but can occasionally include femalefemale aggression, and even in rare occasions male-female aggression, which can also manifest as forced copulation. Therefore, individuals must identify potential competitors based on behavioral cues and chemical cues, such as cuticular hydrocarbons. 243 While females do display aggression, the aggressive behaviors are not in the same relative frequencies as seen for male aggression. 244 However, when genes involved in the sex determination pathway, such as fruitless and transformer, are expressed in a male-specific pattern in females, females display aggressive behavior that is more similar to male aggressive behaviour. 245 In sum, aggression is a social behavior that differs in males and females and likely has an adaptive value in D. melanogaster similar to others species, including humans.
Aggression varies with aging, while dominance, the hierarchy established based on the outcomes of aggressive encounters, is stable over time. 246 For example, very young males (close to eclosion) are not aggressive. 247 But males that are several days old are more aggressive than older males when fighting over mates, presumably because they have had fewer opportunities to reproduce and are therefore more willing to engage in risky behaviors that can result in mate acquisition. 248, 249 Similarly, older males are more cautious of injury and thus they fight less over mates. 248 Males will also quarrel over territory, as larger territory often means better access to females and food. 247 As males age they fight more over territory than younger males. 247 While flies of the same sex do not inflict injury that leads to increased mortality, there can be mortality as a result of male-female aggression. 250 Non-virgin males are less aggressive towards females than virgin males, indicating that mating status, and male desperation, plays a role in male-female aggression. 251 There is a more complex basis of male-female aggression than mating status alone, as male aggression towards females increases up to 4 days of age then decreased after 7 days of age. 251 However, as far as we know, the effect of aging on male-female aggression remains relatively unknown, no such studies have been performed 1 week of age. 251 Female aggression changes with age are completely unstudied.
| Perspective: social behaviors that probably would change with aging
We propose that based on what is known about the aging process in the structural and molecular substrates for social behavior, a series of additional social behaviors are also likely to change with aging.
| Social aggregation
Social aggregation, which is similar to social spacing (discussed above), is social clustering in the presence of a resource such as food. Social spacing has recently been shown to change with aging, 118 and thus social aggregation may also change with aging. In addition, the known physiological mechanisms underlying aggregation are most probably also affected negatively by aging (see above-"Social spacing"). Aged adult populations may have a different pattern or tendency to aggregate on food patches compared to young populations or mixed-age populations.
| Sociability
Sociability is non-aggressive interactions with conspecific individuals. 252 Sociability has been scored in flies as the likelihood of flies being together vs in separate quadrants of a divided arena 252 Sociability scores were found to be genetically inherited, and sometimes sexspecific within a given genetic background. Social isolation has the same effect on sociability as on social space: the flies are less close, and less social (lower sociability score). 252 We thus speculate that sociability is a behavior related to social space, and would also be affected by aging, probably with lower levels of sociability in very old flies.
| Social learning of egg laying
Social learning was first described in 1971 253 as a behavior in which individuals will learn and make choices based on the cues of another individual. 157 Social learning can easily be measured in D. melanogaster by observing the social entrainment of egg-laying from one "demonstrator fly" to another "naïve" fly. In this paradigm, naïve flies perceive cues from demonstrator flies to determine where it is best to lay eggs. 158 Egg-laying behavior can affect lifetime reproductive fitness because eggs laid in a risky location may not survive due to predation or lack of resources. 158 The decision regarding where to lay eggs is a behavioral decision that depends on both genes and environmental conditions, and may be influenced by both sensory perception and social cues acquired during larval and adult stages. 254 For example, flies that were previously exposed to azadirachtin, an insecticide, will quickly learn to use sensory perception to avoid laying eggs on media containing this chemical. 255 One cue naïve flies use to assess the egg-laying choice of demonstrator flies is a chemical cue deposited on eggs by the demonstrator fly. This chemical cue is likely a pheromone that is deposited on the female by a male during mating, as it is more difficult for naïve flies to learn where to lay eggs from virgin females, 256 and thus the mating status of the demonstrator fly is important for social learning.
Repeated exposure of a naïve fly to this cue results in social learning. 158, [257] [258] [259] Importantly, this learning is not preserved indefinitely, and naïve flies must be reintroduced to the cue in order to maintain the social entrainment. 158 Naïve flies are receiving information from many sources, including environmental and social cues. Therefore, these flies must be able to either filter information, selectively choose to follow some cues over others, or integrate the information together before making a decision about egg laying. 157, 253, 260 It is still unknown how aging affects social learning. Since the cuticular hydrocarbon profile changes with aging, 120 it is possible that the profile of the pheromones deposited on the egg also change with aging. If so, then social learning, which depends on these cues, would also be affected. Furthermore, if the capacity to sense and interpret these cues is diminished with age, this would also impact social learning. Finally, both serotonin and DA are required for social learning. 261 Both those neurotransmitter are involved in the aging process (see earlier discussion "Neural aging"), thus it is likely that social learning will also be impacted as a consequence.
| Structure of social interaction networks
Social learning, social space (or distance), and probably sociability too, are the outcome of a complex exchange of information, taking place within social interaction networks. 193, 262 Flies in social groups exchange information through non-random interactions, using sensory modalities such as olfaction, 193 and touch 174 (reviewed in Reference 154). The receipt and processing of these cues subsequently can impact where a fly settles in a group, where they lay their eggs, and whether they avoid particular odors. Flies that experience social isolation, and thus do not receive the exchange of social information, can have a shift in certain features of their social networks, such as stronger interactions with neighboring flies, while other features remain unchanged, such as the number of highly connected individuals. 263 As social interaction networks rely on vision and olfaction, and those modalities decrease in performance with age, features of social interaction networks should also be sensitive to the age of the flies.
How the different properties of the network such as the number of highly connected individuals and total interactions are affected by age remains to be determined.
| Social entrainment of circadian rhythm
Circadian rhythm is a feedback loop of biochemical reactions that fluctuates on an approximate 24-hour cycle that is driven by a circadian clock that resets daily. These reactions are required for the body to respond to environmental conditions and allow the individual to anticipate certain changes in the environment throughout the day. 158, 264 The clock can be reset by environmental condition such as light, temperature, and social cycles, 264 and a naïve fly can even learn to follow a certain circadian rhythm by observing a demonstrator fly. For example, there are stereotypical changes to locomotion at different times in the circadian clock that one fly can observe in another fly, and change their own circadian clock accordingly. This behavior depends primarily on vision, as the trained fly visually observes the demonstrator fly in order to change their behaviour. 265 However, in the absence of light, olfactory cues can be utilized in order for this behavior to be learned. 266 Very few studies have looked at how entrainment changes with aging, and whether known changes in locomotion 13 would affect changes in circadian rhythm with aging. So far, old flies seem to have a de-regulated circadian motor control, as they walk more during the day, specifically in the week preceding their death, 88 and tend to become less rhythmic or even arythmic (review in Reference 267).
Conversely, mutations in circadian clock genes lead to accelerated aging. 267 However, wild-type flies housed with circadian clock mutants have decreased longevity when housed in mix-sex groups, but a slight increase in longevity if the wild-type are opposite sex of the mutants. 268 Finally, dopaminergic neurons of the PPL1 cluster interact both with the mushroom bodies and some of the clock neurons, and those dopaminergic neurons appear to be involved in clockrelated aging phenotypes. 269 Inherently, the aging process will affect physiology and behaviors that rely on the circadian clock.
| Length of mating in presence of competitor
Because males compete for access to females, their behavior will change in the presence of a competitor. 270 When another male is present, copulation duration will increase, likely due to a perceived threat of competition. 271, 272 Copulation duration is purely a male-controlled trait, and feedback behavior from the female is not necessary to cause this behavior as immobilized or decapitated females do not affect the length of mating of the male. 271 The response of increased mating duration results in further propagation of the successful male's genes, even if that female was previously mated. 270 Males use multiple cues to detect a competitor, although it has been shown that a single sense (either tactile, auditory, olfactory or visual) is sufficient to induce increased copulation duration. 273 Intriguingly, feedback behavior from the female is not necessary to cause this behavior as immobilized or decapitated females do not affect the length of mating of the male. 271 The ability of any one cue to trigger lengthened copulation could be due to adaptive redundancy, as longer mating is important for the propagation of genes and thus it is beneficial for many pathways to lead to this behaviour. 273 However, males can also adapt to changing environmental conditions. 273, 274 For example, mating will desist in the dark when flies cannot perceive visual cues, indicating that one cue (vision) can over-ride the others. 272, 274 Likewise, placing a mirror in front of the male for 5 days can induce longer mating behaviour, 272 presumably due to the perceived "competitor" in the mirror. Neurally, increased copulation duration is regulated by neuropeptide signaling, which is modified in the presence of a competitor. 274 Circadian clock neurons secrete these same neuropeptides, and thus longer mating duration is also dependent on circadian rhythm. 272, 274 Two of the neuropeptides released by clock neurons, called pigment-dispersing factor and neuropeptide F, regulate longer mating duration. 274 It is unknown whether copulation duration changes with aging of the males or the rival males, or if there is a compounded effect on copulation duration of the number of previous matings a male has achieved and his age.
| Limitations
While D. melanogaster has proven to be a powerful model system, there are some limitations regarding D. melanogaster as a model for social behavior. In particular, D. melanogaster has some social behaviors that may not have analogs in other species. Therefore, although the underlying circuits determining social response may be similar among different organisms, the behavioral output may vary. A better understanding and characterization of D. melanogaster's behavior will help link these behaviors to analogous behaviors in other systems.
Another notable drawback is the limited ecological relevance of many laboratory assays. New assays that are ecologically relevant and not limited by laboratory conditions are needed, which will also inform why these behaviors exist in the wild. 150 3 | CONCLUSION Drosophila melanogaster has been used extensively to study conserved social behaviors. Some behaviors, including courtship and aggression, have been studied for over a century whereas others, such as social entrainment behavior and social spacing, have been defined and studied more recently. Similarly, D. melanogaster has been used to study the effects of aging on survival and fertility since the early 20th century. However, only recently have studies observed the effect of extended aging on social behaviors and how aging affects the behavior of the next generation. The interplay between aging and social behavior is not unidirectional, as social interactions have been shown to affect life history traits such as increasing life-span, in D. melanogaster. 146 As longevity increases in humans, studying the effect of social interactions at older ages is becoming fundamental. 32 A consequence of humans living longer is that childbearing is often delayed until later years. This makes studying the transgenerational effects of how parental age impacts offspring social behavior incredibly important. In human studies, one cannot ethically and practically manipulate genetics and environment to the extent required to identify the individual neural and genetic underpinnings of the interplay between aging, social behavior, and transgenerational effects. However, these traits are likely to have evolutionarily conserved components. 32, 275, 276 Therefore, D. melanogaster can potentially be a powerful model system for studying these traits, providing insight into the genetic and neural bases of social behaviors, the environmental factors that influence sociality and how these phenomena are mediated by aging and the age of parents.
